Numerous chromatin-remodeling factors are regulated by interactions with RNA, although the contexts and functions of RNA binding are poorly understood. Here we show that R loops, RNA-DNA hybrids consisting of nascent transcripts hybridized to template DNA, modulate the binding of two key chromatin-regulatory complexes, Tip60-p400 and polycomb repressive complex 2 (PRC2) in mouse embryonic stem cells (ESCs). Like PRC2, the Tip60-p400 histone acetyltransferase complex binds to nascent transcripts; however, transcription promotes chromatin binding of Tip60-p400 but not PRC2. Interestingly, we observed higher Tip60-p400 and lower PRC2 levels at genes marked by promoter-proximal R loops. Furthermore, disruption of R loops broadly decreased Tip60-p400 occupancy and increased PRC2 occupancy genome wide. In agreement with these alterations, ESCs partially depleted of R loops exhibited impaired differentiation. These results show that R loops act both positively and negatively in modulating the recruitment of key pluripotency regulators. npg
a r t i c l e s
Owing to the discovery of thousands of long noncoding RNAs (lncRNAs) that are expressed in mammalian cells, considerable efforts are underway to uncover the roles of specific lncRNAs in the nucleus, as well as to broadly elucidate generalizable mechanisms of action that govern their biological functions. lncRNAs function both in cis and in trans in regulating gene expression 1, 2 , thus raising the possibility that these transcripts specifically modulate the functions of individual transcription factors, the general transcription machinery or other regulatory proteins. In agreement with this hypothesis, numerous lncRNAs have been shown to interact with transcriptionalregulatory proteins [1] [2] [3] .
Interestingly, in a survey of 74 lncRNAs expressed in ESCs, several chromatin-regulatory complexes with key roles in ESC pluripotency have been shown to bind lncRNAs 4 . Multiple complexes bound to more than 30% of the lncRNAs tested, and numerous lncRNAs were bound by more than one complex, thus suggesting either that these factors are differentially regulated by dozens of individual lncRNAs or that these complexes bind lncRNAs relatively nonspecifically. In the latter scenario, the distinct sequence of each lncRNA bound by a complex would not be predicted to impart a unique function (such as targeting the complex to specific genomic loci), but lncRNA binding in general may serve some structural or regulatory role within the complex.
Among the first chromatin-regulatory complexes shown to bind lncRNAs was PRC2 (refs. 5-7), a highly conserved histone H3 Lys27 methyltransferase complex important for gene silencing during development 8 . PRC2 binding to the A repeat of the Xist lncRNA is thought to have a role in recruitment of the complex to the inactive X chromosome 6, 9 . In addition to interacting with lncRNAs, PRC2 binds promiscuously to nascent RNA transcripts expressed from thousands of genes, and the level of RNA binding by the PRC2 catalytic subunit Ezh2 correlates with RNA abundance 10, 11 . At first glance, PRC2's binding of nascent transcripts from active genes appears to conflict with models in which lncRNA-dependent PRC2 recruitment promotes gene silencing. However, RNA binding by PRC2 has been shown to inhibit its H3 Lys27 methyltransferase activity 9, 12 . In agreement with these findings, PRC2 components bind to both silent and active genes, and active genes bound by PRC2 are not marked by trimethylated H3 Lys27 (H3K37me3) 10, 11 . These findings support a revised model in which binding of nascent transcripts at active genes helps to recruit PRC2 to these loci but maintains the complex in an inactive state 9, 12 . In this model, PRC2 is poised to generate a repressive chromatin structure and to enforce silencing at these genes at a later time, should their expression be silenced by an independent mechanism. However, chemical inhibition of transcription promotes binding of PRC2 to CpG islands (including numerous promoterproximal regions) throughout the genome, thus conflicting with a model in which nascent transcripts are necessary for recruitment of PRC2 (ref. 13) . Therefore, the roles of nascent transcripts in the regulation of PRC2 binding and chromatin structure appear to be complex and context specific.
Tip60-p400 is another chromatin-remodeling complex with essential functions in ESC self-renewal and pluripotency that has been reported to bind lncRNAs 4 . Tip60-p400 comprises a 17-subunit chromatin-remodeling complex with two catalytic subunits: the Tip60 (also known as Kat5) protein lysine acetyltransferase, which acetylates multiple lysines on histones H4 and H2A, among other proteins, and the p400 ATPase, which incorporates the H2A.Z histone 1 0 0 0 VOLUME 22 NUMBER 12 DECEMBER 2015 nature structural & molecular biology a r t i c l e s variant into chromatin 14 . We have previously found that Tip60-p400 is essential for normal ESC self-renewal and pluripotency and that it acts simultaneously to repress some differentiation genes and activate proliferation genes 15, 16 . Although it is not clear how Tip60-p400 simultaneously activates one group of genes and silences another, interactions with lncRNAs could potentially target the complex to specific regions of the genome and/or tune its catalytic activities at specific targets, thereby favoring activation or silencing.
Here, we address the role of RNA binding by Tip60-p400 in mouse ESCs. We found that, like PRC2, Tip60-p400 binds promiscuously to nascent RNAs from both coding and noncoding genes. However, unlike binding of PRC2 to chromatin, which is inhibited by transcription 13 , binding of Tip60-p400 to many of its target promoters is promoted by transcription. Interestingly, we found that Tip60-p400 binding to many target genes was enhanced by promoter-proximal R loops, RNA-DNA hybrid structures formed when G-rich sequences on RNA hybridize with their DNA template 17, 18 . In contrast, binding of the PRC2 complex and H3 Lys27 methylation were inhibited by R loops. These results demonstrate that R loops play a major part in regulation of chromatin structure near the 5′ regulatory regions of thousands of genes in ESCs, acting both positively and negatively to control binding of chromatin-remodeling factors. More broadly, these findings suggest that RNA binding can have different effects on chromatin regulators, depending on the molecular context in which the RNA is presented.
RESULTS

Tip60-p400 interacts with nascent transcripts
Previously, in a survey of chromatin-remodeling complexes with key roles in ESCs, Guttman et al. found that Tip60-p400 interacted with 9 of 74 of the lncRNAs tested 4 , thus raising the possibility that lncRNAs might be important for interaction of the complex with chromatin or for remodeling of chromatin structure by the complex. Alternatively, Tip60-p400 might bind promiscuously to RNA, as has been shown for the well-studied chromatinregulatory complex, PRC2 (refs. 10, 11, 19) .
To distinguish between these possibilities, we first performed unbiased identification of Tip60-p400-interacting transcripts by deep sequencing of RNAs that coimmunoprecipitate with Tip60-p400 (RNA immunoprecipitation-sequencing (RIP-seq)). We performed immunoprecipitations of two different Tip60-p400 subunits, p400 and Ruvbl1, in replicate cell cultures and observed significant correlations between replicates ( Supplementary Fig. 1a,b) . To elucidate the set of high-confidence Tip60-p400binding RNAs, we focused on those enriched a r t i c l e s more than two-fold in both replicates of p400 and Ruvbl1 RIPs compared to control RIPs, identifying approximately 2,500 transcripts in this category ( Fig. 1a-d ). Among these, we identified 608 enriched lncRNAs ( Fig. 1c) , confirming that Tip60-p400 binds to noncoding transcripts in ESCs. More interestingly, we observed that Tip60-p400 also interacts with 1,909 coding gene transcripts ( Fig. 1d) , results suggesting that Tip60-p400 does not bind specifically to lncRNAs but instead interacts with a broad array of both coding and noncoding transcripts in ESCs. Next, we considered whether this complex might interact with nascent transcripts; therefore, we examined the genomic locations of reads within our RIP-seq libraries. Aggregation of reads from p400 and Ruvbl1 RIP-seq experiments revealed significant peaks of interacting transcripts just downstream of transcription start sites (TSSs), as compared to lower (but above background) levels near transcriptional termination sites (TTSs) ( Fig. 1e,f) . In agreement with this result, we observed a significant overrepresentation of reads within the first exon and first intron of Tip60-p400interacting RNAs (Supplementary Fig. 1c ), thus suggesting that the complex interacts with unspliced precursor mRNA (pre-mRNA) transcripts. This pattern was present in both cell-culture replicates of each RIP, although the relative heights and locations of RIP peaks were somewhat variable ( Fig. 1g) , thus suggesting that Tip60-p400-bound pre-mRNAs may be heterogeneous. Finally, when we counted all reads within each gene rather than only those within spliced mRNAs, we observed greater enrichment of interacting RNAs in p400 and Ruvbl1 RIPs relative to controls ( Fig. 1h,i) . We therefore conclude that Tip60-p400, like PRC2, binds primarily to nascent transcripts near their initiation sites.
Transcription promotes chromatin binding by Tip60-p400
To dissect the role of RNA binding by Tip60-p400, we first tested whether the complex binds to the same regions of chromatin from which Tip60-p400-interacting RNAs are transcribed. To this end, we compared chromatin immunoprecipitation-sequencing (ChIP-seq) maps of Tip60 and p400 localization near annotated TSSs to the set of RNAs bound by the complex. We observed significantly higher levels of Tip60 and p400 enrichment near the promoters of genes from which Tip60-p400-interacting RNAs are transcribed ( Fig. 2a,b ) and significant overrepresentation of Tip60-p400-target genes within the set of Tip60-p400-bound transcripts ( Supplementary  Fig. 1d ). These results suggest that Tip60-p400 binds numerous transcripts in cis. The bound transcripts occupied a broad range of expression levels and functional categories ( Supplementary Fig.  1e,f) , in agreement with the diverse set of genes bound and regulated by Tip60-p400 (refs. 15, 16) .
These data suggested that interaction with RNA may promote chromatin binding by Tip60-p400. To address this possibility, we tested whether transcription was required for interaction 
Tip60-p400-bound RNAs (a) Comparison of ChIP-seq maps of Tip60 (C-terminally FLAG tagged at the endogenous Tip60 locus), p400 or control immunoprecipitations (anti-FLAG ChIP of ESCs lacking FLAG-tagged Tip60 and IgG ChIP) with Tip60-p400-interacting RNAs (overlapping in p400 and Ruvbl1 RIP-seq libraries). ChIP data are shown as heat maps extending from -2 kb to +2 kb from each TSS, with each row representing a gene and enrichment denoted in green. Heat maps are sorted by previously published p400 ChIP-chip data 15 . (b) Tip60 enrichment in reads per million (RPM) aggregated over TSSs of genes whose transcripts are bound by both p400 and Ruvbl1 and those that are not. ***P < 2.2 × 10 −16 by two-sample K-S test after summing TSSproximal reads for each gene (n = 31,576 TSSs). (c,d) Aggregate Tip60 (c) or p400 (d) ChIP-seq enrichment at TSSs in control-treated ESCs or ESCs treated with the indicated transcription inhibitors. ***P < 2.2 × 10 −16 for all treatments versus controls, by two-sample K-S tests after summing TSS-proximal reads for each gene (n = 31,576 TSSs). (e,f) Heat maps of Tip60 (e) or p400 (f) enrichment by ChIP-seq in control-treated ESCs or ESCs treated with the indicated transcription inhibitors. Heat maps are sorted by previously published p400 ChIP-chip data to show concordance of Tip60 and p400 binding sites with each other and with results from previous studies. One ChIP-seq experiment was performed for each condition, with material from two independent cell cultures treated with the indicated transcription inhibitors or not (control). npg a r t i c l e s of Tip60-p400 with its target genes, by addition of the transcription inhibitors 5,6-dichloro-1-β-d-ribofuranosylbenzimidazole (DRB) or triptolide to the culture medium for 9 or 4 h, respectively (optimization of treatment time described in Online Methods). Inhibition of transcription reduced the abundance of some short-lived transcripts but did not affect protein levels of any of several Tip60-p400 subunits tested ( Supplementary Fig. 2a,b) . Interestingly, both inhibitors significantly reduced binding of Tip60 and p400 to many of their genomic targets ( Fig. 2c-f ). We validated these data by ChIP-quantitative PCR (ChIP-qPCR) at several targets, obtaining results consistent with the genome-level data ( Supplementary  Fig. 2c ). Together, these data demonstrate that binding of nascent transcripts by Tip60-p400, the act of transcription itself, or both contribute to binding of the complex to many of its target genes in ESCs.
R loops enhance promoter-proximal Tip60-p400 binding
Nascent transcripts can form R loops near the 5′ and 3′ ends of transcribed genes in multiple cell types 17, 18, [20] [21] [22] . Although unresolved R loops induce DNA damage and genomic instability [23] [24] [25] [26] [27] , 3′ R loops regulate transcription termination 18, 20, 21 , and R-loop formation over CpG islands functions to keep these regions relatively free of DNA methylation 17, 18 . Furthermore, R loops have been implicated in regulation of chromosome condensation 28 and regulation of senseantisense transcript pairs 29 as well as other processes 30, 31 . Because Tip60-p400 binds primarily near the 5′ ends of transcripts, we considered the possibility that Tip60-p400 binds to nascent transcripts in the form of R loops and that 5′ R loops may play a role in the recruitment or stabilization of Tip60-p400 binding at these loci.
To test this possibility, we first mapped the locations of R loops across the genome of mouse ESCs. Immunoprecipitation of RNA-DNA hybrids (DNA-RNA immunoprecipitation (DRIP)) which uses an antibody (S9.6) specific for these structures, coupled to either qPCR (DRIP-qPCR) or deep sequencing (DRIP-seq) has been used to map R loops in multiple cell types 17, 21, 22 . To reduce the background and identify more precise boundaries of R loops mapped with this technique ( Supplementary Fig. 3a) , we modified the DRIP-seq protocol to sequence only RNAs enriched within immunoprecipitates of RNA-DNA hybrids ( Supplementary Fig. 3b and Online Methods). Using this DRIP-RNA-seq approach, we observed R loops near the 5′ ends of 10,595 genes and the 3′ ends of 9,151 genes ( Fig. 3a-d) . Although R loops were, in aggregate, elevated at highly expressed genes, we also observed R-loop formation at the 5′ ends of some weakly or (Fig. 3a, and comparison of the weakly expressed R loop marked Wipf2 to more highly expressed genes without R loops in Fig. 3d) . We confirmed the specificity of DRIP signals in two ways. First, we found that signals were significantly reduced when we treated samples with RNase H (which degrades RNA within RNA-DNA hybrids) before immunoprecipitation ( Fig. 3a-d) . Second, in our strand-specific DRIP-RNA-seq libraries, we observed mainly sense-strand reads ( Fig. 3d and Supplementary Fig. 3c) .
Interestingly, we observed a high incidence of R loops at Tip60-p400-target genes (Fig. 3e) as well as higher average enrichment of Tip60 and p400 at genes with associated R loops than those without ( Fig. 3f,g) , in agreement with the possibility that R loops promote Tip60-p400 binding. To test this hypothesis, we used Rnaseh1 overexpression in ESCs to disrupt R-loop formation. Overexpression of the RNase H1 protein in multiple organisms is known to disrupt R loops throughout the genome 21, [25] [26] [27] 29, 32 . We found that overexpression of Rnaseh1 in ESCs reduced bulk RNA-DNA hybrids approximately fourfold (Supplementary Fig. 3d) . Interestingly, we observed a decrease in localization of both Tip60 and p400 to most Tip60-p400-target genes in Rnaseh1-overexpressing cells ( Fig. 4a and Supplementary  Fig. 4) . At genes with high-confidence R loops, we found that Tip60 binding was reduced by an average of 63% (from peak to baseline) upon Rnaseh1 overexpression (Fig. 4b) . Tip60-p400 binding to genes lacking high-confidence R loops was also reduced upon Rnaseh1 overexpression, albeit to a lesser extent. We observed similar results for p400 ( Fig. 4c) . These data indicate that high-confidence R loopcontaining genes are bound at higher levels by Tip60-p400 in control cells and exhibit a greater reduction in binding upon Rnaseh1 overexpression. However, the smaller but significant reduction in binding at genes without high-confidence R loops suggests that some of these genes have R loops at levels below our detection threshold, that some binding events might be indirectly affected by Rnaseh1 expression or that both possibilities occur. We validated these data at a selection of Tip60-p400 targets by ChIP-qPCR ( Supplementary  Fig. 5a ). Together, these data suggest that R loops enhance the chromatin association of the Tip60-p400 complex.
Because RNA-DNA hybrids have roles in DNA replication, rRNA expression and other processes 30, 31 , we tested the possibility that indirect effects of Rnaseh1 overexpression might affect the interpretation of these data. We observed minimal effects of Rnaseh1 overexpression on most cellular functions affected by RNA-DNA hybrids: Rnaseh1overexpressing ESCs self-renewed normally (Supplementary Fig. 6a ) and exhibited no apparent alterations in their cell cycle ( Supplementary  Fig. 6b,c) or rRNA levels (Supplementary Fig. 6d ). Rnaseh1 overexpression resulted in slower proliferation relative to control cells, although this defect was less severe than in Ep400 (the gene encoding the p400 protein)-mutant ESCs generated by clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 cleavage a r t i c l e s and error-prone repair [33] [34] [35] ( Supplementary  Fig. 6e) . To test the possibility that degradation of RNA-DNA hybrids might inhibit transcription, we examined the effects of Rnaseh1 overexpression on promoter-proximal and gene body-associated RNA polymerase II (RNAPII) and observed no reduction in RNAPII association at either location (Supplementary Fig. 6f ).
Although Rnaseh1 overexpression directly disrupts R-loop formation by degrading RNAs within RNA-DNA hybrids, genomewide disruption of R loops can be indirectly achieved by global inhibition of transcription by RNAPII (Supplementary Fig. 3d ). Because Rnaseh1 overexpression does not inhibit transcription ( Supplementary Fig. 6f) , any potential indirect effects of transcription inhibitors and Rnaseh1 overexpression are likely to be different. Therefore, if R loops promote binding of Tip60-p400 to chromatin, the sets of genes with reduced Tip60-p400 binding upon Rnaseh1 overexpression or treatment of cells with transcription inhibitors should significantly overlap. In agreement with this possibility, we observed significant overlap among genes with reduced Tip60 or p400 binding after DRB treatment, triptolide treatment or Rnaseh1 overexpression ( Fig. 4d-g) . We therefore conclude that promoter-proximal R loops enhance binding of Tip60-p400 to a large fraction of its target genes.
R loops inhibit chromatin binding and methylation by PRC2
To test whether promoter-proximal R loops function solely in Tip60-p400 recruitment or are required for chromatin binding by additional regulatory complexes, we focused on PRC2 because of its established RNA-binding activity in multiple cell types [5] [6] [7] 10, 11, 36 . Like Tip60-p400, PRC2 binds to nascent transcripts 10, 11 , the substrates for R-loop formation, in agreement with the possibility that R loops might promote PRC2 binding. However, because inhibition of transcription stimulates the association of PRC2 with chromatin 13 , it was also possible that R loops might inhibit PRC2 binding to a portion of its target genes or have no effect at all. To distinguish among these possibilities, we first compared our maps of promoter-proximal R loops to ChIP-seq maps of the PRC2 subunit Suz12. Interestingly, DRIP-RNA-seq reads were poorly enriched near the promoterproximal regions of genes highly bound by Suz12 (Fig. 5a) , thus suggesting that moderate to high levels of promoter-proximal R loops may inhibit PRC2 association. We tested this possibility directly npg a r t i c l e s by mapping Suz12 binding and H3K27me3 localization in the presence or absence of Rnaseh1 overexpression and observed increased Suz12 and H3K27me3 occupancy in Rnaseh1-overexpressing ESCs (Fig. 5b-e and Supplementary Fig. 7a ). Some genes not significantly bound by Suz12 in control cells gained peaks of Suz12 binding (Fig. 5f,g) . Moreover, Suz12 enrichment at promoter-proximal regions normally bound by the complex increased two-fold in aggregate upon Rnaseh1 overexpression ( Fig. 5b and Supplementary  Fig. 7b,c) . In support of these data, we confirmed a significant increase in Suz12 occupancy upon Rnaseh1 overexpression by ChIP-qPCR ( Supplementary Fig. 5b) . PRC2 binds strongly to relatively unmethylated CpG islands [37] [38] [39] , which make up a large fraction of mammalian promoters and regulatory elements. CpG islands are kept unmethylated, in part, by the presence of R loops 17, 18 , thus suggesting that R loops may help recruit PRC2 complex to these regions. However, we observed a significant increase in Suz12 association with CpG islands in Rnaseh1overexpressing cells (Fig. 5e) , a result suggesting that R loops produced from nascent transcripts inhibit PRC2 binding to these sites. Finally, we observed examples of genes bound by the Tip60-p400 complex in control ESCs that, upon disruption of R loops by Rnaseh1 overexpression, exhibited both reduction of Tip60-p400 binding to background levels and ectopic PRC2 binding, thus representing a substantial restructuring of their chromatin architecture (Supplementary Fig. 7d ). Together, these data reveal that R-loop formation contributes to differential recruitment of chromatinregulatory complexes at thousands of genes in ESCs, thereby promoting Tip60-p400 association and inhibiting PRC2 association with numerous R loop-associated genes.
R loops are necessary for robust ESC differentiation
Knockdown of Tip60 (official symbol Kat5) or Ep400 in ESCs results in partial defects in both ESC self-renewal and differentiation 15, 16 . In addition, knockdown of the Hdac6 gene, which encodes a cell type-specific Tip60-p400-binding protein, results in a partial loss of Tip60-p400 binding to many target genes, as well as a defect in ESC differentiation, but has no effect on self-renewal 16 . These findings raise the possibility that R loop-deficient ESCs might also be defective in differentiation. To test this possibility, we grew Rnaseh1-overexpressing ESCs in differentiation medium alongside control ESCs and homozygous Ep400-mutant ESCs (Online Methods). In agreement with the differentiation defect previously observed upon knockdown of Ep400 or other Tip60-p400 subunits 15, 16 , after 14 d, a higher abundance of Ep400-mutant cells exhibited clustered (ESC-like) morphology that stained positive for alkaline phosphatase (Fig. 6a ) and the ESC-specific transcription factor Nanog (Fig. 6b) , relative to control cells. Interestingly, we also observed an increase in both alkaline phosphatase and Nanog staining upon Rnaseh1 overexpression (Fig. 6a,b) . In a more stringent Figure 7 Model of R-loop function. Genes that do not form R loops, owing to either lack of expression or G-poor sequence within the 5′ region of the transcript, are good substrates for PRC2 binding but are poor Tip60-p400 substrates. Conversely, genes that form moderate to high levels of R loops are good Tip60-p400 substrates but poor PRC2 substrates. Genes that form R loops at moderate levels, owing to low expression and/or weak or moderate G enrichment within the 5′ region of the transcript, are predicted to be relatively poor substrates for both complexes. Red curved lines indicate RNA. npg a r t i c l e s test of ESC differentiation, we examined the ability of Rnaseh1overexpressing ESCs to form teratomas with differentiated cell types from all three germ layers when injected into nude mice. As previously observed upon knockdown of the gene encoding the Tip60-p400 subunit Dmap1 (ref. 15 ), Rnaseh1 overexpression resulted in smaller teratomas (Fig. 6c) , which were poorly differentiated in comparison with controls ( Fig. 6d) . Together, these data suggest that one major role of R loops in ESCs is to enable their efficient response to differentiation cues, in part by promoting high levels of Tip60-p400 association and limiting levels of PRC2 association with specific sets of target genes. However, it is also possible that disruption of R loops by overexpression of Rnaseh1 causes additional Tip60-p400-and PRC2-independent perturbations that impair ESC differentiation.
DISCUSSION
In mammalian cells, R loops are most abundant at the 5′ ends of genes with G-rich transcripts, as well as near RNAPII pause sites at transcriptional termini 17, 18, 40 . In addition, formation of R loops in trans has been observed in some systems 41 and may contribute to the functions of some lncRNAs 20 . Several proteins that resolve or stabilize R loops have been described, thus suggesting that the formation and persistence of R loops is highly regulated 42 . Thus, R-loop accumulation appears to be a function of transcription, RNA sequence and trans-acting DNA-binding factors. It remains to be determined how the positions and abundance of R loops change in different cell types or during cellular differentiation.
Here, we have uncovered a role for R loops in shaping the chromatin landscape and controlling the differentiation program in ESCs. We show that R loops promote elevated levels of promoter-proximal chromatin binding by Tip60-p400 but inhibit binding of PRC2 to its targets. Therefore, with regard to these key regulators of ESC pluripotency, R loops help to segregate genes into classes that are highly bound by Tip60-p400 but not PRC2, are highly bound by PRC2 but not Tip60-p400 or are weakly bound by both complexes (Fig. 7) . Interestingly, at some genes with low DRIP-RNAseq signals, we observed a significant increase in Suz12 binding upon Rnaseh1 overexpression, thus suggesting that the PRC2 complex may be very sensitive to the presence of R loops, even when they are present at low levels (Supplementary Fig. 5b ). Conversely, at some genes with high DRIP-RNA-seq signals, we did not observe increased PRC2 binding upon Rnaseh1 overexpression, thus suggesting either that the residual R loops at these loci are sufficient to inhibit PRC2 association or that additional features of chromatin structure at these sites impair PRC2 binding. Whether additional chromatin regulators are affected positively or negatively by the presence of R loops, and whether they further compartmentalize the chromatin structure of genes in ESCs, remain to be tested. However, given the large number of chromatin-regulatory complexes found to bind lncRNAs 1-4 , it seems likely additional factors will bind nascent transcripts in the form of R loops.
Context-dependent effects of RNA binding on PRC2 function
Although the effects of RNA on Tip60-p400 function have not been studied in detail, transcription appears to exert both positive and negative effects on the functions of polycomb complexes in multiple systems 6, [9] [10] [11] [12] [13] 19, 36, [43] [44] [45] . PRC2 binds to the A repeat of the Xist lncRNA, and this binding is thought to help recruit the complex to the inactive X chromosome 6, 9 . Ezh2 binds nascent transcripts from numerous active genes and has been shown to bind near the promoters of most active genes at low levels 10, 11 . In addition, RNA binding inhibits the histone methyltransferase activity of PRC2, thus suggesting that binding of nascent transcripts holds PRC2 activity in check at active promoters, and PRC2 remains poised for histone methylation at these genes once transcription is silenced by another mechanism 9,12 . However, we found that, as with inhibition of transcription 13 , disruption of R loops broadly stimulates PRC2 binding, thus suggesting that the effects of nascent transcription on PRC2 recruitment may be context dependent. For example, nascent transcripts with G-rich sequences prone to R-loop formation may prevent PRC2 binding, whereas different nascent transcripts that do not form R loops may allow some PRC2 binding while inhibiting its methyltransferase activity.
Multifaceted recruitment of Tip60-p400 to target genes
Although inhibition of transcription enhances PRC2 binding at CpG islands, including many promoter regions 13 , transcriptional inhibitors significantly reduced Tip60-p400 association with target-gene promoters. Importantly, Rnaseh1 overexpression mimicked the effect of transcription inhibition on both complexes, enhancing Suz12 association, and inhibiting Tip60-p400 association. Because RNase H1 degrades RNA species only within RNA-DNA hybrids, this finding demonstrates that nascent transcripts, rather than the act of transcription itself, promote chromatin association by Tip60-p400 and inhibit chromatin association by PRC2. In addition, these data suggest that chromatin-regulatory complexes encounter nascent transcripts at many genes in the form of R loops rather than free RNA.
Although we observed a significant correlation between promoterproximal R loops and Tip60-p400 binding, several lines of data indicate that R loops are not sufficient for Tip60-p400 recruitment. First, R loops are also prevalent at transcriptional termini (refs. 18,21,22 and Fig. 3a,c) , which are not highly bound by Tip60-p400 (data not shown). Second, the PHD domain of the Ing3 subunit of Tip60-p400 has previously been shown to bind histone H3 methylated on Lys4 (ref. 46) , and knockdown of genes required for this methylation leads to a moderate reduction in Tip60-p400 binding 15 . These data suggest that recruitment of Tip60-p400 to target sites on chromatin is a function of multiple mechanisms. In addition, whether recruitment of Tip60-p400 to R loop-containing genes functions via direct binding of the complex to RNA-DNA hybrids or to single-stranded DNA, or whether this interaction is bridged by another protein that is yet to be discovered, is not known.
Disruption of R loops impairs ESC differentiation
Like Ep400-mutant ESCs, Rnaseh1-overexpressing ESCs exhibited impaired differentiation, in agreement with the reduction in Tip60-p400 binding observed in these cells. However, given the differences in proliferation observed between Ep400-mutant and Rnaseh1overexpressing ESCs, the phenotypes observed upon disruption of R loops probably reflect more than just the effects of reduced Tip60-p400 activity. Accordingly, although the precise effects of enhanced PRC2 binding on proliferation and differentiation of Rnaseh1overexpressing cells are difficult to predict, they are likely to contribute to the observed phenotypes. Furthermore, it is also possible that R loops modulate the binding of additional factors that regulate ESC differentiation. Nonetheless, the opposing effects of R loops on Tip60-p400 and PRC2, and their importance for normal ESC differentiation, suggest an additional layer of complexity in gene regulation and control of cell identity in ESCs. These findings also suggest that factors regulating R-loop formation or clearance may have additional roles in gene regulation in multiple cell types. npg a r t i c l e s METHODS Methods and any associated references are available in the online version of the paper.
Accession codes. Sequencing data have been deposited in the Gene Expression Omnibus under accession number GSE67584.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
Teratoma formation assays. We injected one million cells into both hind flanks of 5 NU/NU (nude) mice (male, aged 6-8 weeks) each for control and Rnaseh1overexpressing ESCs and allowed tumors to grow for 21 d. Mice were sacrificed, and tumors were weighed; this was followed by fixation and staining as previously described 15 . All animal experiments were performed according to an approved UMMS animal care and use protocol (2165-13). No statistical method was used to predetermine sample size. The experiments were not randomized and were not performed with blinding to the conditions of the experiments.
Statistical analysis and design. For most genomic data sets, we did not assume equal variances or similar distributions and therefore performed nonparametric tests, such as the Kolmogorov-Smirnov test to assess the statistical significance of observed differences in distributions. Specific applications of statistical tests are discussed in the figure legends. For other experiments comparing individual genes or loci where we could assume similar variance and normally distributed values, we performed two-tailed Student's t tests. Because of the nature of genome-wide experiments, we did not perform power analyses to determine sample sizes. For teratoma assays, we examined eight tumors for each condition out of ten injections, excluding the largest and smallest tumor in each group (by prior design) to reduce biases due to poor engraftment/injection. This sample size has been sufficient to clearly elucidate differentiation defects in our prior experience. Histograms indicate averages, and error bars indicate s.d. in all cases. Injections were performed on genetically identical nude mice, selected at random. Investigators were not blinded during injection of mice or downstream analyses of tumors.
